We propose an optical vector network analyzer (OVNA) based on singlesideband (SSB) modulation and segmental measurement. The motivation of this work lies in the fact that it is hard for the previous SSB-based OVNA to measure a device-under-test (DUT) with bandpass response. In our scheme, the transmission response of the DUT is divided into several segments, which are measured one by one using the SSB modulation method. The frequency interval between adjacent segments is precisely controlled by a microwave source. The full transmission response of the DUT is obtained by combining the measured results of different segments. The adjacent segments are connected using the overlapped transmission responses. A proof-of-concept experiment was carried out to measure the transmission response of an optical bandpass filter. It was successfully obtained over a frequency range of 80.05 GHz with a resolution of 25 MHz.
Introduction
Characterization of the magnitude and phase responses of an optical component in a high resolution is very important for the optical device fabrication and measurement as well as the optical network design. In this context, an optical vector network analyzer (OVNA) is highly desired which can work in a wide bandwidth with high resolution [1] - [8] . Conventionally, the OVNA is based on modulation phase-shift [1] , [2] or interferometric methods [3] . In both schemes, a wavelength-swept optical source is used, which results in a poor resolution. Alternatively, the OVNA can be realized using an optical single-sideband (SSB) modulation method [4] - [7] . The transmission response of a device-under-test (DUT) can be obtained by the direct mapping between the optical and the electrical domains. Moreover, the resolution is very high because the microwave source can be tuned in a step of several Hz.
SSB modulation can be simply realized by removing one of the sidebands of a double-sideband (DSB) modulated signal using a fiber Bragg grating (FBG) [9] or an optical bandpass filter [5] . The joint use of a dual-drive Mach-Zehnder modulator (DDMZM) and a 90 hybrid electrical coupler is also promising to realize SSB modulation [10] . Recently, stimulated Brillouin Scattering (SBS) is used in a SSB modulator by amplifying one of the DSB modulated sidebands while attenuating the other one [11] . Other SSB modulation schemes involve the use of electro-absorption modulator (EAM) loop [12] or an optical Hilbert transformer [13] . To measure the transmission response of the DUT, both the optical carrier and the sideband has to pass through the DUT. Conventionally, the optical sideband sweeps over the frequency region of interest, while the optical carrier locates outside the frequency region under test [5] . The restriction associated with this method is that it is not accurate to measure a DUT with bandpass response because the optical carrier located outside the passband of the DUT is significantly suppressed. As a result, the recovered microwave signal in a photodetector (PD) is extremely weak, resulting in large measurement errors. To overcome this limitation, Z. Tang and S. Pan [14] proposed a possible method. The optical carrier and sideband are separated into two paths. Then, only the sideband goes through the DUT. Since the optical carrier is not changed by the DUT, this method can be used to measure a DUT with bandpass or notch transmission responses. However, the drawback of this method is that it is hard to measure the phase response of the DUT because this structure is very sensitive to the environmental variation due to the splitting and combining of the optical carrier and sideband. The environmental variation imposes difference phase shift to the optical carrier and sideband, which would cause significant measurement error.
In this paper, we propose a new method to characterize the transmission response of a DUT with bandpass response based on SSB modulation and segmental measurement. In our scheme, both the optical carrier and sideband go through the passband of the DUT. In this way, the power of the optical carrier and sideband are adequate when they are detected by the PD. The transmission response of the DUT is divided into several segments. Each segment is characterized using the SSB modulation method. The frequency interval between adjacent segments is precisely controlled by a microwave source. The full transmission response of the DUT can be finally obtained by combining the measured results from different segments. The adjacent segments are connected using the overlapped transmission responses of the adjacent segments. We carried out a proof-of-concept experiment to measure the transmission response of an optical bandpass filter. The optical bandpass filter was successfully measured over a frequency range of 80.05 GHz with a resolution of 25 MHz.
Principle
The schematic diagram of the proposed OVNA based on SSB modulation and segmental measurement is shown in Fig. 1 . An optical carrier from a tunable laser source (TLS) is fibercoupled to a carrier-suppressed-(CS-) SSB modulator which is driven by a sinusoidal microwave signal from a microwave source (MS). The frequency of the optical carrier can therefore be up/ down-shifted. The shifting frequency equals to the frequency of the MS. An erbium doped fiber amplifier (EDFA) is added to compensate the loss of the CS-SSB modulator. The optical signal is then launched to an electro-optic modulator (EOM) which generates DSB modulated signal. The EOM is driven by a frequency-swept microwave signal from the output of an electrical vector network analyzer (EVNA). A tunable optical bandpass filter (TOBPF) followed after the EOM is used to realize SSB modulation by removing either of the sidebands. The SSB modulated optical signal is sent to the DUT. The sideband of the SSB modulated signal undergoes magnitude and phase changes of the DUT which can be mapped to the variation of the recovered microwave signal after detecting by the PD. The magnitude and phase changes of the recovered microwave are measured by the EVNA. Therefore, we can obtain the magnitude and phase responses of the DUT. Basically, the resolution of the OVNA is determined by the resolution of the EVNA as well as the linewidth of the laser source. Modern EVNA can have a spectrum resolution as high as several Hz depending on the measurement range and number of measurement point and the laser source can also have a linewidth as narrow as Hz level. Therefore, the OVNA can reach a resolution of tens of Hz in principle.
We consider the optical signal launched to the EOM has a normalized electrical field of expðj! c t Þ. ! c is the angular frequency of the optical signal. The electrical field at the output of the EOM can be expressed as
where m À1 , m 0 , and m þ1 are the complex amplitudes of the lower frequency sideband, the optical carrier, and the upper frequency sideband, respectively. The EOM can be an intensity modulator or a phase modulator. Under small-signal condition, only two first-order sidebands are considered in Eq. (1). ! m is the angular frequency of the microwave signal from the EVNA. The Fourier transform of Eq. (1) is given by
If the TOBPF is not considered, the DSB modulated optical signal after the DUT can be expressed as
where Hð!Þ is the transmission response of the DUT. After square-law detection in the PD, the microwave photocurrent is proportional to
As can be seen from (4), the transmission response of the DUT cannot be solved based on the DSB modulation. Thus, the TOBPF is inserted between the EOM and the DUT to realize SSB modulation by removing either of the two sidebands. When the lower-frequency sideband is removed, we have m À1 ¼ 0 and (4) can be simplified as
It is noted that Hð! c Þ is a complex constant for a given optical carrier and the term m 0 m þ1 is achieved by a calibration process. Thus, the transmission response of the DUT at the frequency of ! c þ ! m can be obtained. Generally, the optical sideband has to be swept over the whole frequency region of interest, while the optical carrier locates outside the frequency region under test. However, it suffers from two some limitations. One is that the frequency measurement range of the OVNA is mainly restricted by the bandwidth of the EOM, the PD, and the EVNA. The other one lies in the fact that it is hard for the conventional SSB method to measure the DUT with bandpass response because the optical carrier located outside of the passband will be eliminated and the microwave signal can hardly be recovered in the PD. To overcome these limitations, we propose a new OVNA based on SSB modulation and segmental measurement. In our scheme, to measure the DUT with bandpass response, the optical carrier and sideband are all located in the passband of the DUT. In this way, the power of the optical carrier and sideband are adequate when they are detected by the PD. We assume that the DUT has a bandpass response in a frequency range from ! c À ! DUT =2 to ! c þ ! DUT =2. It should be noted that the sideband of the DSB modulated signal cannot be efficiently removed when the frequency of microwave signal driven to the EOM is low, which is due to the nonideal transmission response of the TOBPF. Therefore, the SSB modulation cannot be realized in the low frequency region. It means that there is an uncertainty frequency region when this method is used to measure the DUT. Assuming the TOBPF has an edge slope of k dB/GHz. The uncertainty frequency range should be between dc and ! U ¼ 2r =k for an undesired sideband suppression ratio of r dB of the SSB modulation, while the efficient working bandwidth of the SSB modulator is from ! c þ ! U to ! c þ ! SSB . In this context, the transmission response of the DUT in the frequency range from ! c þ ! U to ! c þ ! DUT =2 can be obtained based on (5) given that ! SSB ! ! DUT =2. Thus, the transmission response of the DUT at higher frequency region is obtained by removing the lower-frequency sideband using the TOBPF. Then, the TOBPF is adjusted to remove the higher-frequency sideband in turn. In this case, we have m þ1 ¼ 0. (4) is rewritten as
As can be seen from (6), the transmission response of the DUT at the frequency of ! c À ! m can be solved. The transmission response of the DUT in the lower frequency region from ! c À ! DUT =2 to ! c À ! U is thus obtained. However, the transmission response of the DUT in the middle frequency region from ! c À ! U to ! c þ ! U is still blank. Moreover, the measured transmission responses of the DUT at higher and lower frequency regions cannot be simply combined together because two different calibration processes are implemented in the two measurements. Therefore, another measurement has to be done to obtain the transmission response of the DUT in the middle uncertainty frequency region. To do so, the CS-SSB modulator shown in Fig. 1 is used to up/downshift the frequency of the optical carrier to ! c AE ! 0 , e.g., ! c À ! 0 in the following analysis. ! 0 is the angular frequency of the microwave signal driven to the CS-SSB modulator. By removing the lowerfrequency sideband, we have
In this measurement, the transmission response of the DUT in the frequency region from ! c À! 0 þ! U to ! c À ! 0 þ ! SSB is obtained. Moreover, to cover the uncertainty frequency region,
have to be satisfied. Thus, we have ! 0 ! 2! U and ! SSB ! 3! U . In this way, the measured transmission response of the DUT in the middle frequency region partly overlaps that in the lower-and higher-frequency regions. The full transmission response of the DUT is therefore obtained by normalizing the measured transmission responses in the lowerand higher-frequency regions to that in the middle region based on the measured results in the overlapped frequency regions. It is worth noting that at least twice measurements have to be done to obtain the full transmission response of the DUT with bandpass response based on (6) and (7). To measure a wideband DUT, the transmission response of the DUT has to be divided into several regions. The full transmission response of the DUT is obtained by combining these individually measured results. Although the measurement is a little complicated but it releases the bandwidth requirement of the transmitter and receiver in the OVNA. In addition, a limitation associated with the proposed scheme is that the OVNA cannot measure a DUT with bandwidth less than 2! U . The uncertainty region should be as small as possible in a practical application by using a TOBPF with steep edges and flattop.
Experiments and Results
We carried out an experiment to verify the proposed OVNA. The wavelength of the TLS is set at a frequency of 193.546 THz. The EOM was a phase modulator with a bandwidth of 40 GHz. The phase modulator is bias-drift-free and has low insertion loss compared with the intensity modulator. The CS-SSB modulator has a bandwidth of $20 GHz. The EDFA was tuned to a fixed output power of 14 dBm. The EVNA has a bandwidth from 50 MHz to 40.05 GHz. The MS has a bandwidth of 20 GHz and was set at a frequency of 20 GHz (i.e., ! 0 ¼ 2 Á 20 GHz). The PD has a bandwidth of $35 GHz. The center wavelength of the TOBPF (Yenista XTA-50 Ultrafine) is tunable from 1480 to 1620 nm. The bandwidth of the TOBPF can be tuned from 32 to 650 pm (from 4 to 81GHz at 1550 nm wavelength window). Moreover, the TOBPF has a typical flattop flatness of 0.2 dB and a remarkable edge roll-off of 800 dB/nm (6.4 dB/GHz). For this configuration, the uncertainty frequency region is 2 Á ð! U =ð2ÞÞ ¼ 9:4 GHz for a sideband suppression of 30 dB. The DUT in our experiment was a Wave Shaper which was user-defined as a flattop rectangular bandpass filter with bandwidth of 40 GHz and a linear phase shift from À180 to 180 over the 40 GHz passband. Thus, we have ! SSB ð2 Á 35Þ ! ! DUT =2ð2 Á 20Þ, ! 0 ð2 Á 20Þ ! 2! U ð2 Á 9:4Þ, and ! SSB ð2 Á 35Þ ! 3! U ð2 Á 14:1Þ. So, all the requirements for measuring the transmission response of the DUT are satisfied. The upper limit of our OVNA is determined by the bandwidth of the EOMs. In our experiment, the upper limit of the OVNA should less than 120 GHz ð40 þ 20 þ 20 þ 40Þ. The transmission response of the DUT is user-defined in this case. Thus, the optical carrier from the TLS can be properly positioned in advance. However, if the rough transmission response of the DUT is unknown, we have to measure it first. This can be simply done as follows: the optical carrier from the TLS is sent to the DUT directly. A power meter is attached at the output of the DUT. By tuning the wavelength of the optical carrier, the proper location of the optical carrier can be roughly positioned by measuring the optical power.
The optical spectrum of the optical carrier measured at the output of the EDFA is shown in Fig. 2(a) (black line) . First, the CS-SSB modulator was not worked. It means the original optical carrier was launched to the phase modulator. For the first measurement (marked as OVNA1), the higher-frequency sideband at the output of the phase modulator was removed by the TOBPF. The optical spectrum of the SSB modulated signal is shown in Fig. 2(b) (blue line). This optical spectrum was measured when the phase modulator was driven by a fixed microwave signal at the frequency of 10 GHz. The undesired higher-frequency sideband is suppressed by more than 35 dB. The bandwidth of the TOBPF was tuned to be 650 pm (81 GHz). The transmission response of the TOBPF measured using an amplified spontaneous emission (ASE) source and the optical spectrum analyzer (OSA) is also shown in Fig. 2(b) (black line), which shows an edge roll-off of 803 dB/nm (6.43 dB/GHz). For the second measurement (marked as OVNA2), the center wavelength of the TOBPF was adjusted to remove the lower-frequency sideband. The optical spectrum of the SSB modulated optical signal is shown Fig. 2(c) (red line) . The transmission response of the TOBPF is plotted in black line. As described in Section 2, a third measurement (marked as OVNA3) has to be done. To do so, the optical carrier was up-shifted by a frequency of 20 GHz using the CS-SSB modulator. To ensure a high signal-to-noise ratio (SNR), an additional optical filter was attached after the CS-SSB modulator to reject the undesired optical components. The measured optical spectrum of the up-shifted optical carrier is shown in Fig. 2(a) (pink line) . The up-shifted optical carrier has a SNR as high as 50.8 dB. The TOBPF was tuned to remove the higher-frequency sideband. The measured optical spectra of the SSB modulated optical signal (green line) and the transmission response of the TOBPF (black line) are shown in Fig. 2(d) .
First of all, the DUT was not involved in the OVNA system. The magnitude responses of the OVNA system for different measurement, OVNA1, OVNA2, and OVNA3 are shown in Fig. 3 . The magnitude responses show a low gain in the lower-frequency region due to the phase-to-intensity modulation conversion. The 3-dB bandwidth of the OVNA system for OVNA1, OVNA2, and OVNA3 is 4.5-31.6, 5.9-31.6, and 3.7-31.6 GHz, respectively. Then, the OVNA system was calibrated without the DUT. Afterwards, the DUT was the DUT was inserted in the OVNA system. The measured magnitude and phase responses of the DUT for OVNA1, OVNA2, and OVNA3 are shown in Figs. 4 and 5 , respectively. The full magnitude response of the DUT shown in Fig. 6(a) is obtained by combining the segmental results of OVNA1, OVNA2, and OVNA3 as described in Section 2. The measured result shows that bandpass filter has a flattop response with 3-dB bandwidth of 39 GHz which is very close to the user-defined one. In our measurement, the frequency step of the EVNA was set to 25 MHz, resulting in a resolution of 25 MHz for the OVNA. However, the resolution can be improved by reducing the frequency step of the EVNA [5] , [11] . The magnitude response of the DUT was also measured using the ASE source and the OSA with a resolution of 0.02 nm (2.5 GHz), as shown in Fig. 6(a) (black dashed line) . This result agrees well with the one measured by the proposed OVNA. However, the proposed OVNA has higher resolution. Fig. 6(b) and (c) shows the zoom-in views of the magnitude response of the DUT. The overlaps between the adjacent regions can be clearly observed. The full phase response of the DUT is shown in Fig. 7(a) . The zoom-in views [see Fig. 7(b) and (c)] shows the detailed optical spectra in the overlap frequency regions. Moreover, the ideally programmed phase response is also shown in Fig. 7 (black dashed line) . The measured phase response agrees well with the user-defined one. 
Conclusion
We have proposed and experimentally demonstrated an OVNA based on SSB modulation and segmental measurement. The proposed OVNA is very suitable to measure the transmission response of a DUT with bandpass response. By dividing the transmission response of the DUT into several segments, it can be measured segment-by-segment. Moreover, the bandwidth requirement of the transmitter and receiver is released. The full transmission response of the DUT is obtained by combining the results of these segments. The transmission response of a flattop bandpass filter has been successfully measured by the proposed OVNA over a frequency range of 80.05 GHz with a resolution of 25 MHz.
